Abstract-Ovigerous females of the estuarine crab Chasmagnathus granulatus were exposed to copper (0.01 and 1 mg/L), zinc (0.05, 1, and 10 mg/L), or lead (0.01 and 1 mg/L) during early, late, or whole embryonic development. None of the assayed heavy metals produced a significant mortality of females, neither a decrease in the number of hatched larvae nor a decrease in the egg incubation time, but several morphological abnormalities were detected in hatched larvae. The abnormalities were classified in three categories: eye, body pigmentary, and body morphological abnormalities. Those larvae with eye and body pigmentary abnormalities, particularly those involving retinal pigments and chromatophores, showed the highest incidence by exposure to the assayed metals. In addition, embryos were more susceptible to copper and zinc during the late period of development, whereas the effect of lead was greater during the early period of embryogenesis. Some teratogenic effects observed in C. granulatus embryos exposed to heavy metals, particularly the hypertrophy and hypopigmentation of eyes observed in the laboratory at a lead concentration as low as that reported for the natural environment, could be considered as sensitive biomarkers for this kind of pollutant.
INTRODUCTION
The impact of heavy metals on aquatic systems has been extensively studied concerning a wide variety of topics, especially during the last decade. Heavy metals, such as copper, zinc, manganese, iron, and cobalt, are essential nutrients, having various physiological roles in animal species [1] . However, most of them are widely recognized as being very toxic at relatively high concentrations, leading to various stress conditions manifested by different sublethal responses or even death [2] . Sublethal concentrations may seriously affect the physiological and behavioral performance of organisms [3] .
Copper, for example, is a strong inhibitor of carbonic anhydrase activity in crabs [4] , also causing cellular hyperplasia, vacuolization, and necrosis in the gill lamellae [5] . Zinc has been described as affecting gas exchange and cardiac rhythm in fish, whereas embryonic abnormalities have been noted in horseshoe crabs exposed to this metal [6] . Lead is a nonessential heavy metal, the body concentration of which is not under regulation in aquatic organisms [7] . In mammals and amphibians, it causes developmental malformations, such as reduction in the size of juveniles, delay in development, and severe neurological damage [8] .
Larval and postlarval stages of crustaceans are particularly sensitive to heavy metals. For this reason, they are widely used as standard species for ecotoxicological studies. Molting, size increment, survival, swimming, feeding behavior, and osmoregulation capacity are some of the physiological and/or behavioral issues for crustaceans affected by heavy metals [9] [10] [11] . In contrast, only a few studies have addressed the effects of heavy metals on the embryonic development and hatching success of crustaceans, although embryos could be the most vulnerable stages in the life history of a species [12] [13] [14] [15] . More-over, little information is available regarding the differential susceptibility to pollutants during the early and late periods of crustacean embryonic development [9, 16, 17] .
Chasmagnathus granulatus is an ubiquitous estuarine species distributed in the South American Atlantic littoral, from Brazil to Argentina. Adult and juvenile crabs live in the mesoand supralittoral zones of the coast and form very dense populations. Both larvae and adults of C. granulatus serve as food for many fishes of high commercial value [18] . As a relevant component of the benthic community, this species can play a major role in transferring pollutants to higher trophic levels [19] . Many studies regarding the lethal and sublethal toxicity of heavy metals have been done in this species (summarized in [20] ), including studies of embryo toxicity [12, 13, 15] .
The aim of the present study was to evaluate the toxicity of copper, zinc, and lead on developing embryos and hatched larvae of C. granulatus and to address the effects of exposures restricted to either early or late embryonic development.
MATERIALS AND METHODS
Ovigerous females of C. granulatus were randomly collected at the southern edge of Samborombon Bay, a nonpolluted area at the mouth of the Rio de la Plata estuary, Argentina [21] .
Once in the laboratory, an egg sample was taken from each ovigerous female and then inspected under a stereomicroscope to determine the degree of embryonic development. Those females carrying embryos of 5 to 7 d of development (gastrulation stage) were selected for the experiments. In a previous study [22] , a loss of fertilized, spawned eggs was observed in all copper-exposed females carrying embryos at any stage previous to gastrulation.
For the toxicological bioassays, each female was isolated in a glass jar containing 500 ml of saline water prepared by diluting salts for artificial seawater (Wiegandt, Krefeld, Ger- a Exposure to metal during early, late, or all of embryonic development is referred to in terms of (metal)-clean water (C), C-(metal), and (metal), respectively. The initial number of females in each experimental roup was 10. Mean Ϯ standard error is indicated in all cases. b Significant difference (p Ͻ 0.05) with respect to control (C-C group) for each metal assayed. many) in dechlorinated tap water (final salinity, 30‰; pH 7.4) following the methodology of Rodríguez and coworkers [12, 13] . Assays were performed at 20 Ϯ 1ЊC with a 14:10-h light:dark photoperiod and constant aeration.
The following analytical-grade salts were used: Copper sulfate (CuSO 4 ·5H 2 0; British Drug Houses, Poole, UK), zinc sulfate (ZnSO 4 ·7H 2 O; Merck, Darmstadt, Germany), and lead chloride (PbCl 2 ·2H 2 0; Merck). Stock solutions of each heavy metal were prepared in deionized water from which small aliquots were added to dilution water to obtain the desired concentrations.
The nominal concentrations assayed were 0.01 and 1 mg/L of copper (0.167 and 16.7 M, respectively); 0.05, 1, and 10 mg/L of zinc (0.765, 15.3, and 153 M, respectively); and 0.01 and 1 mg/L of lead (0.048 and 4.8 M, respectively), all of which were chosen according to the literature and to the results of preliminary range-finding tests [14, 15, 22] . In all cases, a clean-water dilution control was run. The lowest assayed concentrations of each heavy metal were referred to as environmental concentrations, because those values were reported in some polluted areas of the Río de la Plata estuary [21] . Ten ovigerous females were assigned to each treatment (i.e., each concentration and control). For all treatments, the toxicity of assayed heavy metals was evaluated throughout the entire embryonic development. In addition, to assess the toxicity during early or late embryonic development (pulsed exposure), the following treatments were added for the 1 mg/L concentration of each heavy metal: Clean water until day 14 of embryonic development, then exposure to heavy metal until larval hatching; and exposure to heavy metal until day 14, then clean water until larval hatching.
All solutions were replaced twice a week. Females were not fed during the assays but were checked daily for mortality, egg loss, or hatching larvae. Following previous methodology [12] , two 10-ml samples were taken from each pool of hatched larvae and fixed in 5% formalin after previously stirring the water to homogenize larvae distribution. The number of hatched larvae was estimated by calculating the mean of the two samples, referring to the total volume of water in the jar.
To determine the proportion of abnormalities in each spawning, a random subsample of 50 larvae was examined under a stereomicroscope, recording the presence of each abnormality detected, as done in previous studies [12, 13, 15] .
The proportion of females having normal egg hatching, asynchronous egg hatching, or egg loss as well as the proportion of dead females were compared among experimental groups using the exact test of Fisher [23] . The number of hatched larvae, the incubation time, and the proportion of each abnormality (after angular transformation) were evaluated by means of a one-way analysis of variance. Comparisons between each concentration and the control were carried out by the least-significant-difference method. The confidence level was always 95%.
RESULTS
None of the assayed heavy metals produced a significant mortality of females, nor a decrease in the number of hatched larvae nor a decrease in the egg incubation time (Table 1) . However, for the concentrations of 1 mg/L of copper and 10 mg/L of zinc, a significant (p Ͻ 0.05) number of ovigerous females having asynchronous hatching was noted, with the hatching period lasting from 1 to 4 d. Total loss of spawned eggs was only significant (p Ͻ 0.05) in females exposed to 1 mg/L of copper ( Table 1) .
The abnormalities detected in hatched larvae were classified in three categories: eye abnormalities, body pigmentary abnormalities, and body morphological abnormalities (Fig. 1) . Because all were quantal responses, they were typified as either present or absent in each examined larvae according to the following criteria, most of which have been used in previous studies [12] [13] [14] [15] .
Eye abnormalities
Hypertrophied eyes. These eyes had a consistently higher area of ommatidia.
Hypopigmented eyes. The quantity of screening pigments was completely reduced, leading to a lighter aspect and/or a heterogeneous distribution of pigments among ommatidia.
Environ. Toxicol. Chem. 23, 2004 M. Lavolpe et al. Supernumerary eyes. In a few cases (two larvae from the lead concentration of 1 mg/L), a bilateral duplication of eyes was observed.
Atrophied eyes. A bilateral or unilateral absence of eyes was noted, but only in a few larvae from the copper concentration of 1 mg/L.
Body pigmentary abnormalities
Normal pigmentation of the cephalothorax and pleon of C. granulatus zoea is given by the presence of red-brown chromatophores, mainly located at the base of the dorsal spine and maxillipeds as well as in the ventral face of the pleonites [24] . This pigmentation pattern was altered in several abnormalities.
Toxicity
Hypertrophied chromatophores. Chromatophores were of greater size (at least double the normal size) and had longer extensions, thus resulting in a pronounced body pigmentation.
Hypopigmented chromatophores. Chromatophores contained scarce or no pigment. Thus, the pigmented area of the chromatophores was reduced, resulting in decreased body pigmentation.
Melanization. This abnormality involved the presence of unusual pigmentary structures that were not observed in larvae from control groups. They consisted of intracellular groupings of melanin that were randomly distributed over the cephalothorax and pleon in variable numbers. These structures were typically round and darker than normal chromatophores.
Body morphological abnormalities
Hydropsy. This abnormality is a deformity caused by increased tissue volume in the cephalothoracic region. This increment was clearly evident along the dorsoventral axis of larvae. Along with this swelling of the cephalothorax, the lateral spines changed their typical shape and appeared more rounded (not observed in the dorsal spine).
Small size. These larvae presented a size markedly smaller than normal, but without affecting the relative size of each body region.
Atrophied pleon. These larvae clearly showed a shorter pleon but a normal number of somites. The six feathery spines of the telson [24] showed an incomplete evagination.
Atrophied dorsal spine. The dorsal spine was shorter because of incomplete evagination. In addition, reduction in the turgescent of the spine was observed.
Atrophied maxilliped setae. Setae were invaginated or scarcely evaginated in the distal segments of maxillipeds. Setulae were not visible.
''Ghost'' larvae. These larvae presented with highly disorganized necrotic tissue associated with an important level of hydropsy. This pathology was observed only at the zinc concentration of 10 mg/L.
Exposure during the entire embryonic development (continuous exposure)
Copper. The concentration of 1 mg/L produced a significant incidence (p Ͻ 0.05) of the eye abnormalities, body pigmentary pathologies (melanization and hypertrophied chromatophores), and body morphological abnormalities, with the exception of pleon and maxilliped atrophy ( Fig. 2 and Table 2 ).
Zinc. The concentrations of 1 and 10 mg/L produced a similar significant incidence (p Ͻ 0.05) regarding eye hypopigmentation, eye hypertrophy, chromatophore hypopigmentation, and hydropsy. The incidence of malformations of the pleon, dorsal spine, and maxilliped setae only increased significantly (p Ͻ 0.05) in the group exposed to 10 mg/L (Fig.  2 and Table 2 ).
Lead. The concentrations of 0.01 and 1 mg/L caused a significant increment (p Ͻ 0.05) in ocular hypertrophy and hypopigmentation, whereas chromatophore hypopigmentation and the complete lack of pigment were significantly higher (p Ͻ 0.05) only in the 1 mg/L treatment ( Fig. 2 and Table 2 ).
Exposure during early or late embryonic development (pulsed exposure)
Copper. Ocular hypertrophy and hypopigmentation, chromatophore hypertrophy, melanization, hydropsy, and atrophy of maxilliped setae were significantly higher (p Ͻ 0.05) in the late-exposure group (C-Cu1) compared to the early exposure group (Cu1-C) and the control group (C-C). Numbers accompanying Cu, Zn, and Pb refer to concentrations (mg/L) and to exposure during early embryonic development (Cu1-C) and late embryonic development (C-Cu1). Regarding the body pigmentary and eye abnormalities already mentioned, group CCu1 and the continuous-exposure group (Cu1) did not differ significantly (p Ͼ 0.05), whereas hydropsy and setae atrophy were significantly higher (p Ͻ 0.05) in the latter group. Chromatophore and eye hypertrophy were higher (p Ͻ 0.05) in Cu1-C than in C-C (Fig. 2 and Table 2 ).
Zinc. Eye hypertrophy and hypopigmentation, chromatophore hypopigmentation, melanization, and hydropsy showed a significantly higher incidence (p Ͻ 0.05) in the late-exposure group (C-Zn1) compared to the early exposure group (Zn1-C) and the C-C, whereas the incidence was similar to that of the continuous-exposure group (Zn1). The ocular hypertrophy and hypopigmentation observed in Zn1-C was significantly higher (p Ͻ 0.05) than that in C-C (Fig. 2 and Table 2 ).
Lead. Regarding ocular hypertrophy and hypopigmentation, chromatophore hypopigmentation, and total lack of pigment, only the continuous exposure to this metal (group Pb1) caused a significant increment in these pathologies (p Ͻ 0.05) compared to C-C ( Fig. 2 and Table 2 ). The early exposure group (Pb1-C) showed a tendency toward a higher incidence of ocular and pigmentary abnormalities than in the late-exposure group (C-Pb1), although such differences were not statistically significant (p Ͼ 0.05).
DISCUSSION
Among all the abnormalities described, eye and body pigmentary ones were the most sensitive to metal exposure, because these showed a higher incidence than body morphological pathologies. In particular, pigmentary effectors (chromatophores and retinal pigments) proved to be the structures with higher sensitivity to the assayed metals.
Metal toxicity during continuous exposure
Eye hypopigmentation was a relatively unspecific pathology, because it appeared after the exposure to all the metals assayed. Metals are thought to interfere in the process of pigmentary cell differentiation and/or the synthesis of screening pigments, mainly omocromes [25] , or even to affect the endocrine regulation of pigment migration into ommatidia. The secretion of hormones that regulate the migration of both eye pigment and melanin into chromatophores is modulated by neurotransmitters and neuromodulators, and pollutants, such as cadmium and naphthalene, are capable of modifying the secretion of these hormones [26] . In adult specimens of Uca pugilator, exposure to cadmium causes a reduction in the distal retinal pigment migration toward the light-adaptation position [27] and has an inhibiting effect on the pigment-dispersing hormone in the chromatophores [28] .
Ocular hypertrophy was also observed after exposure to the three metals. This unspecific response is coherent, both because eye development is controlled by the nervous system [29] and because the metals assayed are, to a certain degree, neurotoxic [30] . Eye bilateral duplication (observed in larvae exposed to lead) and uni-or bilateral atrophy (registered in those exposed to copper) might correspond to specific effects of each metal, probably exerted at the level of the nervous system. However, the low incidence of these abnormalities does not allow us to draw a definitive conclusion regarding this subject. Body melanization was observed after exposure to copper and zinc, but not after exposure to lead. This response could be related to the capacity of melanin for linking bivalent cations and, as a result, to a detoxifying action [31] . This pigmentary alteration has also been recorded in other species and tissues [32] . Ovigerous females of C. granulatus showed this pathology after exposure to low copper concentrations (0.05 mg/L) [15] and to other metals, such as cadmium [13] . On the contrary, the lack of melanization observed after exposure to lead may result from a strong inhibition from this metal on the melanin biosynthetic pathway.
Regarding body pigmentation, the effects of the metals assayed were clearly differentiated. Zinc and lead caused chromatophore hypopigmentation, leading to complete absence of pigment in the case of lead. This effect might be caused by a decrease in the synthesis and/or secretion of dispersing hormone, as suggested for cadmium and naphthalene [26] , or to an inhibition of pigment synthesis or of its capacity to migrate into chromatophores. According to Fingerman [33] , movements of pigments within chromatophores are modulated by modifications of calcium distribution or flow. Interestingly, both lead and zinc can interfere with calcium transport [32] . On the other hand, copper caused a dispersion of pigments along the notorious chromatophore extensions (chromatophore Table 2 . Statistical comparison of the incidence of abnormalities observed after exposure to copper, zinc, and lead through the entire embryonic development period (metal), as well as during early (metal-clean water [C]) or late (C-metal) embryonic development or exposure to C 
Pb 2ϩ HYPR-E HYPO-E HYPO-CR TAP ME HYD SS AP ADS AMS a Horizontal bars indicate absence of significant differences among groups (p Ͻ 0.05). HYPER-E ϭ eye hypertrophy; HYPO-E ϭ eye hypopigmentation; HYPR-CR ϭ chromatophore hypertrophy; TAP ϭ total absence of pigment; ME ϭ melanization; HYD ϭ hydropsy; SS ϭ small size; AP ϭ pleon and maxilliped atrophy; ADS ϭ dorsal spine atrophy; AMS ϭ maxilliped setae atrophy.
hypertrophy), possibly as a consequence of a stimulation of pigment-dispersing hormone synthesis and/or secretion. Considering all pigmentary abnormalities as a whole, zinc proved to be the metal with higher incidence (almost 90%) compared to the other metals at the same mass concentration (1 mg/L). However, at the same mass concentration, the corresponding molar concentration of lead was 3.17-fold lower than that of zinc, with the incidence of pigmentary abnormalities caused by lead at 1 mg/L being rounded 10% in most cases. Even so, taking into account the incidence of those concentrations referred to as environmental concentrations (those found in the natural environment), only lead (0.01 mg/ L, 0.048 M) showed significant effects regarding ocular hypopigmentation. In this way, this alteration might result in a sensitive bioindicator of lead exposure. Although unspecific, the association of this anomaly with others of high incidence (e.g., eye hypertrophy, which also showed a significant incidence at 0.01 mg/L of lead) would allow us to define a set of malformations that could be considered as biomarkers of exposure to this metal.
Regarding body morphological abnormalities, the effects of all the metals assayed were qualitatively similar. Moreover, most of these pathologies were previously observed in the same experimental model exposed to cadmium [13] and pesticides [12] as well as in larvae of Lithodes santolla exposed to cadmium and lead during late embryonic development [14] and larvae of Palaemonetes pugio exposed to copper during the entire embryonic development [16, 17] .
Finally, continuous exposure to 1 mg/L of copper and 10 mg/L of zinc caused larval hatching asynchrony. During normal hatching, all larvae hatch simultaneously, within a period of no more than 1 h. In contrast, in the cases of hatching asynchrony recorded during the present study, the hatching period ranged from 1 to 4 d. Hatching synchrony is characteristic of Brachyura, in particular of intertidal Grapsoidea [33] , and is related to the optimization of larval export, which guarantees a high survival rate. Thus, the alteration of hatching synchrony could have a negative impact at the ecological level. The synchrony of hatching is controlled by the circatidal pacemaker located in the medulla terminalis of the female eyestalk nervous system [34] , which might be affected by the metals mentioned. Medesani et al. [35] reported an inhibiting effect of copper on peduncular hormone secretion in adult C. granulatus.
Differential toxicity during pulsed exposure
Both copper and zinc showed a notorious differential toxicity on embryogenesis, with the late period of embryonic development being the most susceptible. For most abnormalities, late-exposure groups (C-M) for both metals presented a higher incidence than early exposure groups (M-C) and an
